AIM Individuals with cerebral palsy (CP) have impaired movement due to a brain injury near birth. Understanding how neuromuscular control is altered in CP can provide insight into pathological movement. We sought to determine if individuals with CP demonstrate reduced complexity of neuromuscular control during gait compared with unimpaired individuals and if changes in control are related to functional ability.
Walking is an important activity of daily living that enhances independence, participation, and quality of life. However, for individuals with cerebral palsy (CP), walking can be a challenging and sometimes impossible activity. To improve mobility for individuals with CP and other neurological disorders, we need to understand how unimpaired individuals control walking and how control is altered after brain injury.
There are several theories for how humans control movement. Rhythmic activities such as walking are theorized to be partly controlled at the level of the spinal cord. 1 Infants, spinalized animals, and individuals who have had a spinal cord injury can produce rhythmic stepping patterns. [2] [3] [4] However, in addition to rhythmic stepping, walking requires dynamic balance and adaptability. Thus, muscle activity controlled via the spinal cord is theorized to be supplemented with cortically modulated muscle activity producing a versatile gait pattern.
Computational techniques, including matrix factorization algorithms, have been used to evaluate the complexity of different neuromuscular control strategies. 5 Using experimentally measured muscle activity (electromyography [EMG] ), matrix factorization algorithms identify lowdimensional spaces composed of weighted groups of muscles that can describe variation in muscle activity. These weighted groups of muscles, commonly referred to as synergies or modes, represent muscles that are consistently activated together and are theorized to represent a simplified control strategy compared with controlling each muscle individually. Evaluating the variance in muscle activity accounted for by a given number of synergies can provide a measure of the complexity of control used by an individual during a task. Previous studies have shown that muscle activity during a variety of tasks can be described by a small set of synergies. 6, 7 For example, less than six synergies have been shown to describe over 90% of the variance in muscle activity during unimpaired gait. 8 The term synergy has been used clinically in many contexts. In this manuscript we use the term synergy to refer to weighted groups of muscles identified mathematically from EMG data.
Previous studies have also demonstrated that synergies identified from EMG data are altered after brain injury. After a stroke, fewer synergies are used during walking and upper-extremity tasks compared with unimpaired adults, 9, 10 possibly reflecting a simplified control strategy. However, the generalizability of these results to other clinical populations is unknown. While adult stroke survivors often have decades of walking experience before brain injury, individuals with CP learn to walk after brain injury, which may lead to different synergies. One preliminary study of eight children with CP suggested that synergies were altered compared with unimpaired adults, 11 but the impact of age and relationship with functional ability remains unclear.
A variety of other strategies have previously been used to evaluate altered neuromuscular control among individuals with CP. Analyses of surface EMG and M-wave amplitude elicited via nerve stimulation during maximal contractions have demonstrated that individuals with CP have reduced voluntary neuromuscular activation. 12 During tasks such as postural control and walking, analyses of EMG data have shown inappropriate timing and increased co-activation of antagonist muscles. 13, 14 The central mechanisms underlying these altered muscle activation patterns remain unclear and synergies provide one framework to evaluate neuromuscular control strategies.
The aims of this research were to (1) evaluate if and how synergies among individuals with CP differ from those exhibited by unimpaired individuals and (2) determine if synergies are related to functional ability, clinical examination measures, and diagnosis subtype. We hypothesized that, similar to adult stroke survivors, fewer synergies would be required to describe muscle activity during gait compared with unimpaired individuals, and that synergy complexity would be related to functional ability and selective motor control.
METHOD Study population
Individuals with a diagnosis of CP were selected from a database of over 6600 individuals who had previously received gait analysis at Gillette Children's Specialty Healthcare, St. Paul, MN. Individuals were included if their gait analysis was between January 2004 and February 2013 and included EMG data (Table I) . Individuals were not excluded because of previous surgeries in order to provide a representative sample of individuals with CP who had been referred for gait analysis. These criteria resulted in a total of 549 individuals with CP (hemiplegia, n=122; diplegia, n=266; triplegia, n=73; quadriplegia, n=88). We also included 84 unimpaired individuals who had undergone gait analysis with EMG data collected at Gillette as part of a previous study. 15 Human participant approval was obtained from both the University of Washington and the University of Minnesota.
Electromyography
Surface EMG data (Motion Laboratory Systems, Baton Rouge, LA, USA) from five muscles on each leg -the rectus femoris, medial hamstrings, lateral hamstrings, medial gastrocnemius, and anterior tibialis -was collected at a patient's initial visit to the gait analysis laboratory as part of normal clinical care. For this study, EMG data from one randomly selected barefoot gait cycle was analyzed. EMG data from the more affected side (right or left) was included for the individuals with hemiplegic or triplegic CP, whereas a random side was selected using a random number generator for the other individuals. EMG data was sampled at 1080Hz, bandpass filtered between 20Hz and 400Hz, rectified, and then low-pass filtered at 10Hz. To facilitate comparisons between participants, EMG data from each muscle was normalized to its peak value and resampled at each 1% of the gait cycle. Using one random gait cycle instead of EMG data averaged over multiple gait cycles incorporates variations in muscle activity that are often lost during averaging.
Synergy calculation
EMG data was used to calculate synergies using non-negative matrix factorization: a common matrix factorization algorithm used in previous studies of gait (see detailed descriptions and tutorials 5, 6 ). Briefly, this algorithm calculates synergies (W ) and the relative activation of those synergies (C ) such that muscle activations = W9C+error. W is an m9n matrix where m is the number of muscles (five in this study) and n is the specified number of synergies (from one to four in this study). C is an n9t matrix where t is the number of time points (101 across the normalized gait cycle in this analysis). Thus, each column of W represents the relative weighting of muscles in each synergy and each row of C represents the activation level of each synergy over the gait cycle. Non-negative matrix factorization was repeated within an iterative optimization that tested random initial estimates of W and C and selected the matrices that minimized the sum of squared error between the activations calculated by W9C and the EMG data. The total variance accounted for (VAF) by n synergies was calculated by comparing W*C and the EMG data ( Fig. 1) . We repeated this analysis with the number of synergies, n, varying from one to four synergies.
The dynamic motor control index during walking (walk-DMC) was used as a summary measure of muscle activity complexity. For each participant, walk-DMC was calculated as a z-score:
where VAF 1 is the variance accounted for when n=1 (one synergy) for a participant and (1ÀVAF 1 ) AVE and (1ÀVAF 1 ) SD are the average and standard deviation of the variance not accounted for by one synergy for the 84
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unimpaired individuals. In other words, walk-DMC is a zscore for unaccounted variance, 1ÀVAF 1 . We chose to examine VAF by one synergy to minimize the effects from choosing a given number of synergies. Since we used one random gait cycle for each participant in this analysis, we also evaluated the variability in VAF 1 across gait cycles. The average standard deviation in VAF 1 between gait cycles was 0.041 for the unimpaired individuals and 0.025 for the individuals with CP (coefficient of variation 5.5% and 3.0%).
We scaled walk-DMC to facilitate interpretation, such that 100 equals the average walk-DMC of unimpaired individuals and each 10-point increment represents one standard deviation. This normalization method has been used to evaluate gait in individuals with CP (e.g. Gait Deviation Index 16 ) and will aid in comparing results of future studies, which may include different numbers of EMG channels or other factors that can impact VAF. 17 A walk-DMC score <100 indicates a simplified muscle activation pattern during gait, where one synergy describes a greater variance in muscle activity compared with unimpaired individuals.
The structure of synergies (i.e. the relative weights of muscles in each synergy of W ) was compared, between diagnosis subtypes and with the unimpaired individuals, using K-means cluster analysis. Non-negative matrix factorization estimates synergies that can describe variance in muscle activity for each individual, but we needed a robust method to compare the structure of synergies across individuals. To determine common synergies between individuals we used K-means cluster analysis, which identifies clusters of synergies that are similar across individuals, and returns the average weights of common synergies. For a given number of synergies, n, K-means cluster analysis identifies n clusters that minimize the sum over all clusters of the squared Euclidean distance from each individual's synergies to the center of each cluster. This process was repeated for n equals one to four synergies. The outputs of each analysis were the centers of each cluster, representing the average weights of common synergies across individuals. We used K-means cluster analysis to identify the average synergies for the unimpaired individuals and each CP diagnosis subtype (hemiplegic, diplegic, triplegic, and quadriplegic). For each group, the participants were divided based upon the number of synergies required to describe over 90% of the total variance in muscle activity.
Clinical assessments
Functional gait impairment was measured using two common scales: (1) the Gross Motor Functional Classification System (GMFCS 18 ) which classifies individuals from level I (individuals who can walk without limitations) to level V (individuals who are transported in a manual wheelchair); and (2) the Gillette Functional Assessment Questionnaire (FAQ 19 ) a 10-level parent-report walking scale from level 10 (individuals who walk, run, and climb without difficulty or assistance) to level 1 (individuals who cannot take any steps at all). GMFCS has only been collected as part of clinical care since 2006 (Table I) .
Strength, spasticity, and selective motor control were assessed during a clinical examination. Strength at the hip, knee, and ankle was assessed using the Kendall scale. 20 The Ashworth Scale was used to assess spasticity of the hip flexors, hamstrings, rectus femoris, and plantarfexors. 21 Selective motor control of the hip, knee, and ankle was assessed as follows: 0, patterned; 1, partly isolated; and 2, completely isolated. To combine measurements of strength, spasticity, or selective motor control across multiple joints or muscles into single summary values for each measure, we performed principal component analysis. Previous studies have shown that these clinical examination measures are correlated across joints and muscles and that the first principal component describes a large proportion of the variance. 22 In our analysis, the first principal components explained 47% of the variance in strength, 46% of the variance in spasticity, and 54% of the variance in selective motor control.
Statistical comparisons
One-way analyses of variance were used to compare walk-DMC between the unimpaired individuals, the individuals with CP, diagnosis subtypes, GMFCS levels, and FAQ levels with post hoc comparison between groups, with a Tukey-Kramer correction for multiple comparisons. Regression analyses were used to evaluate the correlation of walk-DMC with the first principal component of clinical examination measures of strength, spasticity, and selective motor control. Individuals with CP tend to walk slower than unimpaired individuals, which may also impact walk-DMC. To evaluate the impact of walking speed, we analyzed walk-DMC for a subset of the unimpaired individuals (n=36) who walked at four walking speeds from very slow to fast. We used a linear mixed-effects analysis to evaluate walk-DMC versus walking speed with fixed effects for speed, and random effects for the intercept and slope of speed grouped by individuals. A likelihood ratio test was used to compare models with and without speed. Significance was set at p<0.05 for all tests.
RESULTS
Fewer synergies were required to describe variations in muscle activity during gait among individuals with CP compared with unimpaired individuals (Fig. 2) . While three synergies were required to describe over 90% of the total variance in muscle activity during gait for over 60% of the unimpaired individuals, only one or two synergies were required to describe over 90% of the variance in muscle activity for over 80% of the individuals with CP. One synergy accounted for 74.6% (95% confidence interval [CI] 73.1-76.1%) of the variance in muscle activity during gait at free speed for the unimpaired individuals compared with 84.2% (83.7-84.7%) among the individuals with CP. Thus, walk-DMC was significantly lower, 86.2 (85.5-86.9), among individuals with CP than unimpaired individuals, 100 (97.9-102.1). Walk-DMC decreased significantly with progressively more severe diagnosis subtypes. Individuals with hemiplegia, diplegia, triplegia, and quadriplegia had walk-DMC values of 89.2 (87.8-90.6), 86.9 (85.9-87.9), 84.4 (82.5-86.3), and 81.4 (80.0-82.8) respectively. All diagnosis subtypes were significantly different from the unimpaired individuals with average estimated differences from unimpaired of 10.8 (7.6-14.1), 13.1 (10.2-15.9), 15.6 (11.9-19.2), and 18.6 (15.1-22.1) for hemiplegia, diplegia, triplegia, and quadriplegia respectively.
Walk-DMC also decreased with functional impairment as measured by GMFCS and FAQ (Fig. 2) . For high-functioning individuals, in GMFCS level I or with an FAQ of 10, the walk-DMC was still significantly less than unimpaired individuals at 92.4 (91.1-93.7) for GMFCS level I and 90.9 (89.2-92.6) for an FAQ of 10. The estimated differences between unimpaired individuals and GMFCS level I and FAQ 10 groups were 7.6 (4.8-10.4) and 9.1 (5.6-12.6) respectively. Among the most severely impaired individuals, who could still walk for analysis, the walk-DMC was greatly reduced: 79.2 (77.5-80.9) for GMFCS level IV and 80.0 (78.7-81.3) for an FAQ <7. The estimated differences between unimpaired individuals and GMFCS level IV and FAQ <7 groups were 20.8 (14.6-27.0) and 20.0 (16.5-23.5) respectively. The decrease in walk-DMC with GMFCS level and FAQ was consistent across diagnosis subtypes (Fig. S1 , online supporting information).
The structure of the synergies (W ) for the unimpaired individuals was similar to previously reported results of walking in adults. 8, 9 Three synergies described over 90% of the total VAF for unimpaired individuals and included synergies dominated by (1) the medial and lateral hamstrings, (2) the medial gastrocnemius, and (3) the rectus femoris and anterior tibialis. For the minority of individuals with CP who required three or more synergies to describe over 90% of total VAF, synergy structure was similar to the unimpaired individuals (Fig. 3a) . The activations (C ) of the synergies were similar, except for increased activation of the synergy dominated by the gastrocnemius in early stance and decreased activation of the synergy dominated by the rectus femoris and anterior tibialis in late swing. The majority of the individuals with CP required only two synergies to describe over 90% of the total VAF (Fig. 3b) . For these individuals, the hamstrings and gastrocnemius were activated more during late swing and early stance and the rectus femoris and anterior tibialis were activated more in late stance and early swing than the unimpaired individuals.
Clinical examination measures used to evaluate control among individuals with CP, including strength, spasticity, and selective motor control, were all correlated with walk-DMC (Fig. S2, online supporting information) . Strength had the greatest correlation with walk-DMC (r=0.49, slope=0.11) followed by selective motor control (r=0.44, Table I ). Brackets represent significant differences between groups (p<0.05) and + indicating outliers.
slope=0.07) and spasticity (r=À0.34, slope=À0.06). Individuals with greater strength, less spasticity, and more selective motor control had a walk-DMC more similar to unimpaired individuals. The individuals included in this study covered a wide age range; however, the relationship between age and walk-DMC was weak both among the unimpaired individuals and among individuals with CP (r 2 =0.01 and slope=À0.13 for individuals with CP; r 2 =0.001 and slope=À0.14 for unimpaired individuals). In our analysis of the relationship between walking speed and walk-DMC for 36 unimpaired individuals who walked at four speeds, we did find a moderate relationship between walking speed and walk-DMC (slope=7.2, SE=2.3; p<0.01; [Fig. S3 , online supporting information]). Among the unimpaired individuals, walk-DMC increased with increasing walking speed. However, even at the very slow walking speed, walk-DMC was 93.0 (89.8-96.2), greater than the individuals with CP.
DISCUSSION
Complexity of control, as measured by synergies, was reduced during gait in individuals with CP compared with unimpaired individuals, and was related to functional ability and clinical examination measures. The large, heterogeneous population in this study included diverse brain injuries, gait patterns, and functional ability levels, which was reflected in the variability in walk-DMC between individuals.
Changes in synergies were also similar to adult stroke survivors. Previous studies have determined that the number of synergies required to describe muscle activity is reduced after stroke. 9, 10 During walking, muscle activity of individuals with stroke and CP are largely described by a few synergies characterized by a bimodal activation pattern, similar to synergies during rhythmic stepping in infants 23 (see Fig. 3b ). Thus, altered control strategies appear to be independent of when the injury occurs (e.g. early in life or after decades of walking) and reflect a control strategy present early in development.
The variability and spread in walk-DMC in this study reflects the heterogeneity of this population, but also suggests potential limitations in using walk-DMC clinically. Although we found walk-DMC was related to GMFCS, FAQ, and clinical examination measures, there was a high degree of overlap between functional levels and significant spread in relation to clinical examination measures. There was also a dependence of walk-DMC on walking speed, and thus comparisons need to account for this possible confounding effect. Future studies will determine if an individual's walk-DMC is a clinically useful measure for evaluation or treatment planning. A recent study of adult stroke survivors found that individuals with synergies more similar to unimpaired individuals had greater improvements in walking after a treadmill training program, 24 suggesting synergy analysis may be useful for treatment planning.
In this study we analyzed a large population who had previously received clinical motion analysis. This provided a powerful group for evaluating synergies, but also introduced limitations. We were limited to the EMG data and clinical examination measures that are included as the standard of care. In particular, our measures of strength, spasticity, and selective motor control are all ordinal scales with poor sensitivity; other evaluations such as torque measurements for strength or the Tardieu Scale for spasticity could be superior. EMG data was only available from five muscles per leg. Synergies calculated with non-negative matrix factorization are sensitive to the number of muscles in the analysis, and using fewer muscles increases estimates of total VAF. 17 These limitations motivated using the normalized walk-DMC as a summary measure of synergy complexity. Despite the limited number of EMG channels, the synergy weights, W, of the unimpaired individuals were similar to previous studies of unimpaired adults. 9 Clinical motion analysis laboratories evaluate gait in individuals with CP, to inform surgical and rehabilitation planning. The results of this study demonstrated that synergies are altered among individuals with CP, and walk-DMC can provide a measure of altered neuromuscular control from data collected as part of clinical care. Future studies will determine if synergies change after treatment or predict clinical outcomes. The similarity of synergies in CP, stroke, and infant rhythmic-stepping indicates that there are common changes in control after brain injury that may reflect control in early development. Quantifying these changes and evaluating the plasticity of synergies may provide pathways to new treatments for individuals with CP and other neurological disorders. Institutes of Health grant K12HD073945. The authors have stated that they had no interests that might be perceived as posing a conflict or bias.
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The following additional material may be found online: Figure S1 : Decrease in walk-DMC with GMFCS and FAQ levels across diagnosis subtypes. Figure S2 : Correlation of walk-DMC with clinical examination measures. Figure S3 : The relationship between walking speed and walk-DMC for unimpaired individuals.
